Abstract: Vitamin A is an essential nutrient in pregnancy, and other carotenoids have been independently associated with maternal-infant outcomes. The objective of this study was to quantify the status of vitamin A and carotenoids in Nigerian maternal-infant pairs at delivery, compare these to a cohort from a developed nation, and determine the impact on clinical outcomes. Maternal and cord blood samples were collected in 99 Nigerian mother-infant pairs. Concentrations of lutein + zeaxanthin, β-cryptoxanthin, lycopene, α-and β-carotenes, and retinol were measured using HPLC. Descriptive statistics were calculated and Spearman coefficients were used to assess correlations between maternal and cord measurements; Mann-Whitney tests were used to compare median plasma values between dichotomous variables. Linear regression models were used to adjust for relevant confounders. A p < 0.05 was considered statistically significant. Thirty-five percent of mothers had plasma retinol concentrations ≤0.70 µmol/L; 82% of infants had plasma retinol concentrations ≤0.70 µmol/L at delivery. Maternal and infant concentrations of vitamin A compounds were highly correlated and were associated with newborn growth and Apgar scores. Despite plasma concentrations of pro-vitamin A carotenoids higher than those reported in other populations, pregnant Nigerian women have a high prevalence of vitamin A deficiency. As vitamin A related compounds are modifiable by diet, future research determining the clinical impact of these compounds is warranted.
Introduction
Vitamin A is an essential nutrient throughout the life cycle; however, its influence is particularly critical during periods when cells are rapidly proliferating and differentiating, including during the fetal and newborn periods [1] . Vitamin A deficiency (VAD) is one of the most prevalent and
Ethical Approvals
Ethical approval for the Nigerian cohort was granted from University of Abuja Teaching Hospital, Gwagwalada in Abuja, Nigeria. Separate IRB approval was obtained from the University of Nebraska Medical Center for participant enrollment in the United States.
Sample and Data Collection
Samples of both cord and maternal blood were collected at the time of delivery from those who consented to participate. Relevant clinical data was collected from both populations. Inclusion criteria for the Nigerian population included maternal age ≥18 years, gestational age ≥24 weeks, infant age 0-7 days at enrollment (however all mother/infant dyads were enrolled at or before delivery), absence of heavy peripartal vaginal bleeding, and ability to provide written informed consent. Exclusion criteria for the U.S. population included congenital abnormalities, gastroinstestinal, liver, or kidney disease, or inborn errors of metabolism in the infant or the mother. Demographic and clinical data from the Nigerian subjects was prospectively collected and entered into electronic capture tools, collectively termed REDCap. As part of this data collection, a 28-day follow-up phone interview was conducted with participating Nigerian mothers to assess infant well-being and interval illness or hospitalization. Pertinent demographic and clinical data was collected from the U.S. population's electronic medical records. Clinical data collected from both populations included maternal age, body mass index (BMI), smoking status, infant corrected gestational age, birth anthropometrics, gender, and Apgar scores (1-min. and 5-min).
Biochemical Analysis
Blood samples were protected from heat and light, processed, and frozen at −80 • C within a maximum of 12 h. Analysis of samples was performed at the Biomarker Research Institute, Harvard School of Public Health. Concentrations of total retinoids and carotenoids in plasma were measured as described by El-Sohemy et al., who found plasma levels to correlate well with fat tissue samples using this method [20] . Plasma samples were mixed with ethanol containing 10 mg/mL rac-Tocopherol (Tocol) as an internal standard, extracted with hexane, evaporated to dryness under nitrogen, and reconstituted in ethanol-dioxane (1:1 v/v) and acetonitrile. Samples were quantitated by high-performance liquid chromatography (HPLC) on a Restek Ultra C18 150 mm × 4.6 mm column, 3mm particle size encased in a column oven (Hitachi L-2350, Hitachi, San Jose, CA, USA) to prevent temperature fluctuations, and equipped with a trident guard cartridge system (Restek, Corp. Bellefonte, PA, USA). A mixture of acetonitrile, tetrahydrofuran, methanol, and a 1% ammonium acetate solution (68:22:7:3) was used as mobile phase at a flow rate of 1.1 mL/min, with a Hitachi L-2130 pump in isocratic mode, a Hitachi L-2455 diode array detector (300 nm and 445 nm), and a Hitachi L-2200 auto-sampler with water-chilled tray. The Hitachi System Manager software (D-2000 Elite, Version 3.0, Hitachi, San Jose, CA, USA) was used for peak integration and data acquisition. Internal quality control was monitored with four control samples analyzed within each run. These samples consist of two identical high-level plasmas and two identical low-level plasmas. Comparison of data from these samples allows within-run and between-run variation estimates. In addition, external quality control was monitored by participation in the standardization program for carotenoid analysis from the National Institute of Standards and Technology USA Multiple other studies and the World Health Organization have defined vitamin A sufficiency during pregnancy as >1.05 µmol/L and deficiency as ≤0.70 [5, [21] [22] [23] [24] . Therefore, we used the following retinol categories to classify the vitamin A status of our population: severely deficient ≤0.35 µmol/L; deficient >0.35-0.70 µmol/L; insufficient >0.70-1.05 µmol/L; and adequate >1.05 µmol/L. These categories were also applied to the infants in our study [21] .
Growth Outcomes
Birth growth parameter percentiles were constructed for infant birth weight, length, and head circumference using international standards from the INTERGROWTH-21st Project. Birth growth parameter z-scores were constructed using the WHO Child Growth Parameter's Anthro software for SPSS.
Statistical Analysis
Data was summarized using means, standard deviations, medians, ranges, counts, and percentages. Spearman correlation coefficients were used to look at the association of maternal and cord blood measurements, as well as correlation of plasma tocopherol levels with select clinical outcomes. Demographic variables were compared using independent sample t-test or Fisher's exact test. The Mann-Whitney test was used to compare median plasma values between dichotomous variables. Normally distributed data is presents as means (SD), while non-normally distributed data is presented as median (IQR). Statistical significance was set at p ≤ 0.05. SAS version 9.4 (SAS Institute, Cary, NC, USA) was used for all analysis.
Results

Baseline Characteristics
Ninety-nine Nigerian and 179 United States maternal-infant pairs were included in the study. In comparison to the U.S. population, the Nigerian population was slightly older with a higher pre-pregnancy BMI, and had a lower overall percentage of smokers. In the Nigerian cohort, 87 mothers and 74 infants had plasma available for analysis; of the U.S. subjects, 176 mothers and 167 infants had blood samples analyzed at the time of delivery. Demographic characteristics of both populations are shown in Table 1 . Results of clinical outcomes and associations with vitamin A and carotenoids within the U.S. population have been published elsewhere [25] , and in this manuscript, results of the U.S. cohort are limited to a comparison of nutrient status with the Nigeria cohort. 
Plasma Retinol Results
Overall, the median plasma retinol concentration of the Nigerian maternal population was 0.81 µmol/L (IQR: 0.43 µmol/L), while the median plasma newborn concentration was 0.49 µmol/L (IQR: 0.19 µmol/L). Thirty-five percent of mothers met the criteria for vitamin A deficiency and an additional 40% were insufficient. One-quarter (25%) had adequate plasma retinol concentrations. Nearly all infants were either insufficient, deficient, or severely deficient: 16.2% had insufficient concentrations, 67.6% had deficient concentrations, and 14.7% had severely deficient concentrations; only 1.3% of infants were adequate in vitamin A. Table 2 shows the prevalence of vitamin A insufficiency, deficiency and severe deficiency compared to a U.S. population. In the Nigerian cohort, plasma concentrations of retinol were not correlated between mothers and cord blood (r = 0.05, p = 0.66). 
Plasma Carotenoid Results
In contrast to plasma retinol concentrations, Nigerian maternal and cord concentrations of vitamin A-related compounds were significantly correlated for lutein + zeaxanthin, β-cryptoxanthin, α-carotene, and β-carotene. The maternal-cord correlations are shown in Table 3 . While carotenoids were correlated in both populations, lycopene concentrations in the U.S. cohort were also statistically significant, and the correlations were stronger in the U.S. cohort. We also present a comparison of plasma concentrations of retinoids and carotenoids of the maternal populations (Table 4 ) and the infant populations (Table 5) in Nigeria and the U.S. In the maternal cohort, U.S. mothers had significantly higher plasma retinol concentrations, but lower levels of plasma carotenoids. Infants in the U.S. and Nigeria were born with similar plasma retinol concentrations, but significantly different carotenoid concentrations. 
Socioeconomic Outcomes
In Nigerian dyads, cord concentrations in infants of unemployed mothers vs. employed were significantly lower for retinol (0. 
Infectious Disease Outcomes
In Nigerian dyads, statistically significant differences between maternal levels of lutein + zeaxanthin were present according to malaria status; women who had a diagnosis of malaria presented lower plasma concentrations compared to women without (173.0 vs. 237.8 µg/L for yes vs. no, respectively, p = 0.03), with similar results seen in their infants (28.4 vs. 50.8 µg/L for yes vs. no, respectively, p = 0.03). A trend toward similar results was also seen with a maternal diagnosis of HIV, with infants born to HIV+ mothers demonstrating a trend towards lower plasma lutein concentrations (23.7 vs. 46.6 µg/L, p = 0.06). Maternal plasma concentrations of α-carotene and β-carotene were higher in cases with a newborn evaluation for sepsis (α-carotene: 2,103.7 vs. 1,261 µg/L for yes vs. no sepsis, p = 0.05; β-carotene: 2848.7 vs. 1563.0 for yes vs. no sepsis, p = 0.05).
Delivery Outcomes
Statistically significant differences were also found between infant plasma lycopene levels and mode of delivery, with infants born vaginally having higher plasma lycopene concentrations than those delivered via Caesarean (87.8 vs. 47.9 respectively; p = 0.001). A similar effect was seen for infant concentrations of β-cryptoxanthin (46.5 vs. 19.1 µg/L for vaginal vs. Cesarean, p = 0.02). Additionally, a trend toward improved Apgar scores (≤7) at 5 min was also seen in infants with higher plasma lutein concentrations (46.7 vs. 26.7 µg/L for above vs. below 7, p = 0.06).
Growth Outcomes
In Nigerian dyads, infant plasma retinol concentrations were positively correlated with birth weight (r = 0.24, p = 0.04), while both maternal β-carotene and α-carotene concentrations showed an inverse correlation with infant birth weight (r = −0.22, p = 0.03 for β-carotene, r = −0.21, p = 0.04 for α-carotene). Infants who were born with a weight-for-age z score of -2 or lower had lower plasma retinol concentrations compared to those above (0.35 vs. 0.49 for above vs. below, p = 0.04). Conversely, mother of infants with a weight-for-age z score below −2 had higher plasma α-carotene (1926.9 vs. 1266.4 µg/L for below vs. above, p = 0.02) and β-carotene (2644.5 vs. 1565.7 µg/L for below vs. above, p = 0.04).
Discussion
Our study of retinoids and carotenoids in a developed vs. developing nation show a high prevalence of vitamin A deficiency among Nigerian mothers despite plasma concentrations of pro-vitamin A compounds that exceed those seen in a developed nation. Improvements in markers of socioeconomic status were associated with improvements in plasma concentrations of nutrients. Higher maternal carotenoid levels were associated with poorer outcomes, while higher cord carotenoid levels were associated with improved outcomes, possibly indicating the importance of the transfer from mother to infant.
Our findings of a high prevalence of vitamin A deficiency in this population are consistent with other reports of plasma retinol concentrations in pregnant women in developing countries. According to the WHO, VAD is a long-standing public health problem in sub-Saharan Africa [21] . Plasma vitamin A concentrations of ≤0.70 ug/L were reported in 48.5% of pregnant women in a 2011 study in an urban setting in Southeast Nigeria [26] , although our recruitment in a prenatal clinic was able to capture both urban and rural Nigerian women. High rates of vitamin A deficiency during pregnancy are concerning for maternal health, as it is possible that mothers who fail to return to their pre-pregnancy retinol status before another pregnancy may end up having their retinol stores progressively depleted with each subsequent pregnancy. These trends are also problematic if vitamin A deficiency in the offspring is not corrected during early childhood, as 20-24% of child mortality from measles, diarrhea, and malaria and 3% of mortality associated with other infectious causes can be attributed to vitamin A deficiency [27] . Vitamin A deficiency in young children is a significant public health concern in Nigeria; a 2006 nationally representative survey of children under 5 years of age in Nigeria reported that rates of VAD ranges from 25-31% [28] . However, a recent 2018 report of 170 Southwestern Nigerian children under 5 years of age indicated that the rate of VAD was 5.3%, suggesting that there may be regional differences in rates of VAD, or the effectiveness of public health interventions in this area [29] .
Very few studies have reported the carotenoid status of healthy pregnant women in sub-Saharan Africa for comparison to our population. A 2005 study of plasma antioxidant levels during pregnancy in women in Trujillo, Peru, reported that plasma concentration of α-carotene, β-carotene, lutein, and lycopene increased significantly from the first trimester of pregnancy to the third. Only β-crypoxanthin showed no change over time [30] . Compared to our study, the levels reported during the third trimester of pregnancy for the Peruvian women were higher in lutein (327 µg/L for the Peruvian women vs. 215 µg/L for the Nigerian women), but the Nigerian women in our study had higher concentrations of α-and β-carotene (1441 vs. 119 ug/L (α-carotene) and 1856 vs 134 ug/L (β-carotene)) for the Nigerian vs. Peruvian women. A study of pregnant women in the Netherlands yielded similar findings, with pregnant women in the Netherlands having similar lycopene and lutein levels to our Nigerian cohort, but concentrations of α-and β-carotene which were less than 10% of the Nigerian women [31] . The plasma concentration of the pregnant women in the Netherlands closely resembled the concentrations in the U.S. cohort reported in this study.
Studies of plasma carotenoids have been reported in populations of who are positive for HIV infection. A study of pregnant women with and without HIV infection in Malawi showed no significant differences in plasma carotenoid concentrations between HIV-positive and -negative women [32] . In contrast to our Nigerian cohort, lycopene and lutein were the predominant plasma carotenoids in the Malawi women [32] , with lower α-and β-carotene concentrations than the Nigerian women. Another study evaluated plasma carotenoid concentrations in infants 14 weeks of age in relation to growth outcomes and mortality at one year, and found that infants with lower plasma carotenoids had an increased mortality rate [33] . The plasma concentrations of α-carotene, β-carotene, β-cryptoxanthin, and lycopene in the HIV infected infants ranged from 50 to 90% lower than the infants we report in this study; however, our samples were drawn at delivery and may not provide an adequate comparison to infant 14 weeks old. The HIV-infected infants were a more malnourished population, with 11.3% of the infants underweight and another 19% with growth stunting [33] . The Nigerian mothers in our study had significantly higher levels of plasma carotenoids but lower levels of retinol when compared to our U.S. populations, which may reflect differences in dietary intake. Fortification of foods with pre-formed vitamin A is common in the United States, as is access to animal products, including meat, eggs, and dairy. In general, a rural Nigerian diet is much more plant-based and relies on the conversion of pro-vitamin A compounds into retinol. In addition, consumption of red palm oil is common in pregnant Nigerian women, which is an excellent source of α-and β-carotenes. Supplementation with red palm oils has been shown to increase serum carotenoid levels, but not retinol levels, in other populations of African women [34] . Results from the Norwegian Mother and Child Cohort Study confirms that plasma concentrations of pro-vitamin A carotenoids are a strict function of intakes of fruits and vegetables [35, 36] . Intakes of carotenoids in pregnancy have been shown to vary widely as depend on the population in question [15] , and carotenoid intake has also been shown to be lower in smokers and younger women and dependent on season, which may be relevant to a rural Nigerian population [15] .
The nutrition status of a population can depend to a great extent on its socioeconomic status. Earlier studies in a Nigerian urban setting showed no association between household characteristics such as occupation and household size with plasma retinol concentrations; however, education had a positive impact [26] . While our study did not find an effect of education or employment on maternal plasma levels, the infants of these mothers did have higher plasma nutrient concentrations. Increased income and education allow for greater flexibility in food choices, and employed mothers may be more likely to be urban residents and have access to a wider range of food products. However, maternal employment could also lead to less time for shopping and cooking, and preparing the energy-intensive staples of traditional diets. Studies in pregnant women in other developing nations have shown that plasma levels of carotenoids increase as education level increases [30] , and have documented a shift in intakes of carotenoid-foods between pregnant women of higher and lower educational status, with higher education leading to increased intakes [37] .
This study reports that lower plasma retinol concentrations in infants were associated with poor growth parameters. Observational studies have reported that low maternal plasma retinol concentrations are associated with intrauterine growth restriction, although these results were reported with HIV-infected women [3] . The U.S. cohort reported in this study did show that mothers with insufficient concentrations of vitamin A delivered more children with low birth weight (<2500 g), while more infants with deficient cord concentrations of retinol (≤0.7 µmol/L) were born small for gestational age [6] . A meta-analysis that evaluated the effects of vitamin A supplementation during pregnancy on multiple outcomes related to maternal, perinatal, and infant health showed that the overall effects of vitamin A on small for gestational age (SGA) and very low birth weight (<2.0 kg) were null, and that for low birth weight (<2.5 kg) was null but with a trend towards significance [3] . In contrast to our study, a case-control study conducted in Canada that assessed correlations between mid-pregnancy antioxidants concentrations and SGA found an increased retinol concentration as being associated with a significantly increased risk of both mild and severe SGA [38] . Interestingly, an increased carotenoid concentration was associated with a significantly reduced risk of both mild and severe SGA in this same study [38] . Other studies have shown positive associations between maternal carotenoid status and infant growth, specifically lycopene [39] . As far as we know, our study is the first to report that maternal levels of α-and β-carotenoids are higher in mothers of growth-restricted infants. There are several possible explanations for this finding. It is possible that high maternal levels of carotenoids may represent placental dysfunction that leads to defective transport of nutrients to the developing fetus. Studies of retinol have shown that amniotic fluid levels of retinol are higher in normal pregnancies than those with complications such as pre-elecampsia. Taken in conjunction with other studies that have shown that retinol concentrations are higher in mothers with growth restricted infants [38, 40] , higher maternal micronutrient levels may be a marker of poor placental function and could signify lower levels of nutrients reaching the fetus. As carotenoids stimulate growth directly at a cellular level [41] , this may be of causal importance for fetal growth. Similar inferences could be made for our findings of higher α-and β-carotene levels in infants with a newborn evaluation for sepsis.
An interesting finding in this study was a trend between maternal lutein concentrations and infant Apgar scores at 5 min. Lutein is the dominant carotenoid found in the infant brain, especially in the neocortex and in the neural retina [42] [43] [44] . During the first month postpartum, lutein remains relatively elevated in the human milk, demonstrating a potential important role for the infant [45] . Preterm infants fed with lutein-supplemented formula seem to develop less severe retinopathy of prematurity [46] . Taken together, these findings make it exciting to speculate on the potential for lutein as a target to improve neurological outcomes.
Our study has several limitations. Our sample size is small for a prevalence estimate, and we have a low occurrence of infectious outcomes such as malaria. We did not have measurements of zinc status available, and low plasma retinol concentrations may result from inadequate plasma zinc, which is required for a normal rate of synthesis of retinol binding protein. Plasma retinol concentration may also be low during inflammation or infection because of transient decreases in the concentrations of the negative acute phase proteins, retinol binding protein, and transthyretin, even when liver retinol is adequate. Our small sample size made it difficult to assess for the many confounders that could be associated with fetal growth and outcomes; however, our choices of gestational age and smoking are likely to have a large confounding effect.
Conclusions
Despite plasma concentrations of pro-vitamin A carotenoids which are higher than those reported in other populations, pregnant Nigerian women have a high prevalence of vitamin A deficiency.
